The ability to discriminate between highly similar substrates is one of the remarkable properties of enzymes. For example, transporters and channels that selectively distinguish between various solutes enable living organisms to maintain and control their internal environment in the face of a constantly changing surrounding. Herein, we examine in detail the selectivity properties of one of the most important salt transporters: the bacterial Na z /H z antiporter. Selectivity can be achieved at either the substrate binding step or in subsequent antiporting. Surprisingly, using both computational and experimental analyses synergistically, we show that binding per se is not a sufficient determinant of selectively. All alkali ions from Li z to Cs z were able to competitively bind the antiporter's binding site, whether the protein was capable of pumping them or not. Hence, we propose that NhaA's binding site is relatively promiscuous and that the selectivity is determined at a later stage of the transport cycle.
Following the crystallographic structure of NhaA, solved to 3.45 Å , one can note twelve transmembrane segments (TMS I through XII) [16] . Of those TMSs, numbers IV and XI, show an uncommon structure of oppositely-oriented, discontinuous helices, i.e. each TMS consists of a short a-helix followed by a short unfolded segment ending with another short helix. Also seen in the x-ray structure are two funnels, leading from the bulk on both sides of the membrane to the putative binding site, D164. The cytoplasmic funnel is wide and negatively-charged, corresponding to the cation uptake path, while the periplasmic funnel is slightly narrower. The previous observations regarding the so-called TMS IV/XI assembly highlight its potential importance in the protein's function and dynamics. Lastly, the protein harbors a b-hairpin, situated in the loop connecting TMS I and II, which forms with the other loops a smooth periplasmic face, roughly parallel to the membrane's leaflet. In contrast, the cytoplasmic face features helices protruding from the parallel plane.
Previous mutagenesis experiments showed that D133, D163 and D164 are essential to NhaA's activity [18] . This finding suggested that these aspartic acid residues, adjacent to the TMSs IV/XI assembly, take part in the transport of ions along the antiporter. Therefore, the movement of Na z ions out of the vestibules was examined under different protonation states of D163 and D164. Recent molecular dynamics (MD) simulations on Escherichia coli's NhaA have suggested a possible mechanism for the ion exchange mechanism [19] . According to the proposed scheme, D164 serves as the Na z -binding site while D163 serves as the molecular ''switch'' between the alternating conformations of the protein. Specifically, when D163 is deprotonated it is accessible to
Results
The first stage in the transport process is most likely the binding of the substrate to the protein. Hence, we set out to calculate the free energy profile of this reaction using MD simulations. We then proceeded to experimentally substantiate the computational results. Finally, after having confirmed both experimentally and computationally that binding alone cannot be responsible for the selectivity mechanism of the antiporter, we returned to the simulations in order to gain further insights into potential selectivity source.
MD simulations
A series of MD simulations of up to 0.1 ms of the Escherichia coli Na z /H z antiporter NhaA in a hydrated lipid bilayer was performed. See Figure S1 for a general overview of the simulation system. In these simulations, the protein was stable, exhibiting low root mean square deviation (RMSD) of its backbone atoms and maintained its secondary structure (see Figure S2 ). To ensure selection of a representative structure, a cluster analysis was performed to select a conformation for further analyses.
Potential of mean force
In order to computationally compare the binding of different ions to the antiporter we computed the potential of mean force (PMF) of the process. A PMF is defined as the change in free energy as a function of a particular reaction coordinate. Since the membrane plane coincided with the xy plane in the simulation system, the reaction coordinate was simply the movement of the ion along the z axis from the cytoplasm through the vestibule ending at the binding site (residue D164), in line with the physiological Na z uptake process. To obtain sufficient sampling in thermodynamically unfavorable regions of the protein, we used the umbrella sampling formalism [23] . Specifically, multiple simulations were conducted whereby the only difference between them was the position of the ion along the z axis. In each of these vertical ''slabs'' the ion was restrained to the z axis by a harmonic restraint but was free to move in the xy plane. The different slabs were then combined to yield the unbiased PMF using the standard weighted histogram analysis method (WHAM) [24] .
The PMF profiles for Na z and Li z along their uptake pathways are shown in Figure 1 a. For both ions, there are small energy barriers (2-4 kJ/mol) upon movement into the protein that lead to an energy well (z*1 Å ). Upon inspection of the protein, the energy well corresponds to the location of the putative ion binding site at residue D164. The magnitudes of the energy troughs (7-9 kJ/mol) correspond to the experimentally measured apparent affinity constants for Na z (11-180 mM) and Li z (7-50 mM). The affinity range corresponds to measurements obtained at basic or neutral pH, respectively [25] . Taken together, the PMF analysis for Na z and Li z agrees with experimental data, both in terms of the location of the binding site, as well as the magnitude of the binding affinity.
We then proceeded to calculate the PMF curves for K z , Rb z and Cs z , three alkali ions that are not transported by the antiporter. To our surprise, the PMF profiles of K z , Rb z and Cs z shown in Figure 1 b, are qualitatively similar to that of Li z and Na z (Figure 1 a) , while the quantitative differences are not large enough to account for the fact that the latter ions are substrates of the pump while the former are not.
Finally exhibits a high energy barrier upon binding (ca. 14 kJ/mol) without a negative energy trough at the binding site. In contrast, the PMF curve of Cl { rises continuously upon entry into the protein, most likely due to electrostatic repulsion between the negatively charged anion and the acidic binding pocket at D164.
Taken together, we are left with a surprising result: binding energetics alone cannot be the source of ion selectivity of the antiporter. The PMF analyses for Li z and Na z consistently reproduce the location of the binding site of the ions as well as the magnitude of binding affinity. However, the same analysis suggests that other alkali ions are capable of binding the antiporter in a similar fashion. As this result is unexpected, we set forth to confirm it experimentally.
Experimental analysis of ion binding
Measurement of antiporter activity may be conducted in everted membranes using the acridine orange fluorescence quenching method [26, 27] . In brief, when a reductant (e.g. succinate) is added to an everted membranes preparation, the respiratory chain acidifies the vesicle interior leading to the accumulation of the mild base acridine orange. The accumulation of the fluorophore leads to self quenching which can be reversed by any protein that can transfer protons out of the vesicles. Since H z transport is coupled to the counter transport of an alkali ion (e.g. Na z ), antiporter activity can readily be measured by the ability of the ion to restore fluorescence. For example, analyses of the five different alkali cations using the aforementioned method ( Figure 2 ) clearly demonstrate that only Na z and Li z are transported, with Li z resulting in higher activity, in accordance with [25] . On the other hand, the antiporter shows no activity upon the addition of K z , Rb z or Cs z , thereby confirming that niter of these ions are substrates of the protein (Choline is used as a negative control).
We could now proceed to experimentally substantiate the computational results which indicate that all five alkali ions bind to the antiporter despite the fact that only Li z and Na z are proper substrate which are subsequently transported. In other words, the computational results posit that K z , Rb z and Cs z may inhibit Promiscuous Binding in the Na
the pumping of Na z and Li z due to competition for the same binding site.
Indeed, results shown in Figure 3 a are in full agreement with the above hypothesis: the presence of either K z , Rb z or Cs z causes an inhibitory effect on the Na z pumping activity of NhaA. Addition of either K z , Rb z , Cs z or choline alone does not result in any antiporting (Figure 2 ). Furthermore, we were able to show that the ions bind in the same location with a detailed MichaelisMenten kinetic analysis (Figure 3 b) . Specifically, we measured the pumping activity of the protein as a function of different Na z concentrations yielding an apparent K M of 3.31+0.54 mM and a V max of 48.50+2.0 (a.u.). When the same experiment was conducted in the presence of 20 mM Rb z , the K M increased by 63% to 5.40+0.83 mM. In contrast, the apparent V max remained practically unchanged with a drop of only 17% to 40.30+2.3 (a.u.). These trends, of a significant increase in K M accompanied by a mild change in V max were repeated in several cases, including the use of Li z as a substrate (data not shown). These results imply that Rb z acts as a competitive inhibitor (at least in part) as further discussed below.
Thus, two lines of evidence, in silico and in vitro experiments, point to the same conclusion: the antiporter binds all alkali ions competitively, yet is capable of completing a pumping cycle only for Li z and Na z . Therefore, one can rule out binding as the source of selectivity of the antiporter. Faced with the above conclusion, we set forth to examine features that might distinguish the ''futile'' binding ions (K z , Rb z and Cs z ) from the productive ones (Li z and Na z ). Hence, we decided to examine the binding process in detail and in particular focus on the hydration state of each ion during the binding process. 
Hydration analysis
In order to examine the hydration state of the ions as a function of their penetration into the protein, we made use of the slabs from the PMF analysis. For each of these slabs a water radial distribution function (RDF, g(r)) was computed. Subsequently, all slabs were pooled together in order to construct a 3D hydration profile ( Figure S3 ). This analysis describes how the water density varies as a function of the distance from the ion, and as a function of the location of the ion along the z axis.
Our results show that Li z and Na z retain their two solvation layers almost fully unimpaired throughout the entire trajectory of the ion until reaching the binding site of the protein. In contrast, all the larger alkali ions, K z , Rb z and Cs z experience a marked reduction in their hydration upon entry into the ion binding site. Snapshots of this process can be seen in Figure 4 , whereby one can observe a decrease in the number of water molecules bound to K z , Rb z and Cs z as they approach the ion binding site. In contrast, the hydration of Li z and Na z does not change upon binding to the protein, noting that the analysis refers to the section around the ions that is facing the cytoplasm.
Discussion
The current study poses the following question: What is the selectivity mechanism of Escherichia coli's NhaA, the archetypal Na z /H z antiporter? The protein is capable of transporting only the small alkali ions, Na z and Li z , and is incapable of pumping the larger K z , Rb z and Cs z . In order to answer the above question, we first attempted to figure out when is selectivity attained. Specifically, the transport cycle might contain numerous sequential steps. Therefore, overall selectivity will arise even if only one of the transport steps is selective for one ion over another. As such, the most likely step in the transport cycle to attain selectivity is the first stage in the process -binding of the substrate.
To examine the selectivity of binding, we performed MD simulations of NhaA embedded in a hydrated lipid bilayer. Then, using umbrella sampling, we obtained well converged PMF curves, ranging from the binding site of the protein, through its cytoplasmic funnel and toward the bulk, for a series of alkali ions. The construction of PMF profiles for Li z , Na z , K z , Rb z and Cs z ions provided an opportunity for a comparative overview, and consequently into the selectivity of the binding process.
As stated above, the PMF analyses of Li z and Na z fit to the experimental data regarding the location of the binding site as well as the magnitude of binding affinity. However, the surprising finding is that the PMF binding curves for K (Figure 3 ). Furthermore, we were able to show that the inhibition is competitive using Michaelis-Menten analysis. Were the system ideal, one would expect a constant V max and an increased K M as in the case of a classic competitive inhibition. However, the current assay is indirect and hence reflects internal deviations that stem from the measurement technique. Nonetheless, at high Na z concentrations, it nearly outcompetes Rb z , as expected in the case of competitive inhibition. Therefore, we propose that Rb z may serve as a competitive inhibitor since we observe a significant increase of the K M values whereas the decline of the V max is less than 20%. Hence we suggest, based on in silico and in vitro experiments, that binding energetics alone, cannot be the source of antiporter selectivity, and that the binding site is not highly specific.
We propose that ''binding'' is not the relevant term to examine in the case of the Na z /H z antiporter, but rather ''functional binding''. All alkali ions bind the protein at the same site (D164), yet only Na z and Li z bind in a manner which allows them to be transported. Since these ions are the only ones that retain their solvation in our analysis, we propose that this differentiates them from other alkali ions.
Based on the results presented in the current study and previous works [16, 18, 19] , we present a model for NhaA selectivity, shown schematically in Figure 5 . Li z or Na z bind to D164 driving subsequent protein conformational changes that eventually lead to their release to the periplasm. However, when K z , Rb z or Cs z bind to D164, a transport cycle does not ensue, but the binding site is occupied. Therefore, as the results show, binding of K z , Rb z or Ion selectivity has been a subject of considerable research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Pioneering studies by Mullins [28] and Bezanilla & Armstrong [29] suggested that penetration of an ion through a membrane requires that protein groups replace the water molecules forming the ion solvation shell. The ion selectivity in K z channels was first structurally investigated by MacKinnon and co-workers [30] and then computationally by Roux and co-workers (for review see [8] ). Apparently the KcsA channel does not select for K z ions by providing a binding site of an appropriate fixed cavity size; rather, selectivity arises directly from the intrinsic local physical properties of the ligands coordinating the cation at the binding site. Additionally, the selectivity for conducting Ca 2z ions in the Ca 2z pump is enabled by the ability of the protein to undergo particular conformational changes [31, 32] . In the presence of Ca 2z , the selectivity filter sites in the Ca 2z pump fit around Ca 2z ions and not other cations whereas the filter adopts a conductive conformation and specific coordination.
Our results are compatible with all these studies and may complement them. We agree with the suggestions of Mullins [28] and Bezanilla & Armstrong [29] and add that a functional binding of an ion to NhaA involves a retainment of its solvation shells. Our study is in accord with the mechanism of selectivity at the KcsA channel [8] and the Ca 2z pump [31, 32] as well since we claim that the selectivity of NhaA is not determined simply by size.
Finally, it is tempting to speculate that other antiporters might share the same selectivity mechanism. For example, two distinct 
Radial Distribution Function
Radial Distribution Function, RDF, g(r), was calculated for the investigated cations for each of the windows that were constructed for the PMF analysis. This yielded *20 RDF curves for each ion in relation to the water around it. All the curves for each ion were plotted together to construct a 3D graph that describes how the water density varies as a function of the distance from the tested ion and of the location of the tested ion along the z axis as well.
Visualization and analysis
The simulations were visualized with the Visual Molecular Dynamics (VMD) program [44] . The analyses were conducted using in-house VMD Tcl scripts, in-house purpose written perl scripts, and the GROMACS analysis package tools.
Bacterial strains and plasmids
The Escherichia coli strain used for growth and expression was KNabc (TG1 derivative, DnhaA DnhaB DchaA [45] ) which is strongly inhibited by NaCl and LiCl. All sub-cloning were done using a pBR322-derived plasmid regulated under NhaR [46] (a kind gift from Prof. E. Padan, The Hebrew University of Jerusalem, Israel) containing the NhaA gene or no gene for control. Plasmid amplification was done in DH5a cells. Growth media was Lysogeny Broth (LB) [47] , unless otherwise stated. Antibiotics concentration was 100 mg/ml ampicillin.
Vesicles and fluorescence quenching
Everted membranes of Escherichia coli were produced using the technique introduced by Rosen and Tsuchiya [48] with the following steps: lysis buffer used contained 21% sucrose, 15 mM Tris/HCl buffer at pH 7.5 and 150 mM choline-chloride. Bacteria were grown overnight in LB medium, washed three times in lysis buffer, suspended in 5 ml/gr and broken once in a French press at 900 psi (valve pressure). Broken bacteria solution was centrifuged at *3000 g for 20 minutes following by centrifugation of the supernatant at *340,000 g for 20 minutes. The final pellet, containing the vesicles, was resuspended in lysis buffer with 1 ml/gr of original dry bacteria, and frozen in liquid nitrogen.
NhaA activity was measured by the quinacrine fluorescence quenching method [26, 27] , using lysis buffer and 2-5 mM of Acridine Orange (N,N,N9,N9-Tetramethylacridine-3,6-diamine). Succinic acid (250 mM) or D-lactate (0.8 mM) were used to energize the vesicles. 100% quenching was defined as the difference in fluorescence between prior to addition of a reductant and after a steady state was achieved. NhaA activation level was defined as the fraction of dequenching at steady state after adding Na z or Li z , from those 100%. Where potential inhibitors were added (K z , Rb z or Cs z ), addition of 20 mM (unless otherwise stated) inhibitor was made before starting the fluorescence reading. Otherwise, the same concentration of choline-chloride was added. Fluorescence was excited at 366 nm and emission was read at 531 nm using a FluoroMax-3 spectrofluorometer (HORIBA Jobin Yvon).
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